Efficient light management is one of the key issues in modern energy conversion systems, might it be to collect optical power or to redistribute light generated by high power light emitting diodes. One problem maintains: the final size of the elements if high quality of light management is needed. We propose a novel scheme by using miniaturized angle transformers or concentrators that have size of several millimeters. In this size range diffraction effects play rarely a role and the design can be based on classical ray tracing. Dimensions are chosen to allow effective solution for high power light emitting diodes as well as solar cells. In most solar cell designs, the photocurrent is extracted through a conducting window layer in combination with a silver grid at the front of the device. The trade-off between series resistance and shadowing requires either buried contacts or screen printing of narrow lines with high aspect ratio. We propose an alternate approach where an array of parabolic concentrators directs the incoming light into the cell. The front metallization can thus be extended over the area between the paraboloids without shadowing loss. High power light emitting diodes are source with certain far field distribution and composed often out of several chips. Applying the concentrator array technology not on the whole source but locally on each chip promises small and effective solutions. We demonstrate realization of linear and hexagonal arrays of micro-concentration systems, discuss details of application and results of simulation of their optical properties in applications.
INTRODUCTION
Spreading the angular intensity distribution of diverging sources such as (uncollimated) LEDs or laser diodes cannot be done with a technology based on surface structure within a single element as known for small angle diffusers. Usually microlens array based technology allows a maximal diffusion angle of approximately 20° FWHM. For sources with a large divergence such diffusers only work as homogenizers. Instead of the microlens based diffuser that is basically made for collimated sources and small angles, an angle transformer of some sort is needed that transforms an input half angle i into an output half angle o. See Figure 1 for a schematic illustration of an angular transformer with acceptance half angle i , output angle o and the input and output aperture with diameter 2a and 2a'. The output angle o can be up to /2 thus creating a Lambertian source out of a source with less angular extend. *toralf.scharf@epfl.ch; phone +41327183286; fax +41327183201, opt.epfl.ch Such angular transformers exist in the formof non imaging concentrators like the compound conic concentrators (e.g. the compound parabolic concentrator CPC), the light cone concentrator or a combination thereof. They have been invented at the beginning of the second half of the last century almost simultaneously by Baranov, Hinterberger andWinston [1, 2] . Primary applications for those concentrators is the field of thermal solar energy [3, 4] . The novelty of the approach presented here lies in the compactness of the design and the use of the concentrator not as such but rather as an angle transformer with very high efficiency. Dimensions of the classical solar concentrators are usually of the order of a few 10 cm and not compatible with micro-engineering. Compound parabolic concentrators (CPC) in the micrometer have been realized by Atwater et al. [5] . Light management with structures smaller than 50 micron is subjected to a large extend to diffraction effects. The design and realization of effective elements is very challenging and too expensive for the majority of applications. The design developed here has dimensions of a few millimeters and avoids the problem of diffraction engineering. The concepts still allows the optical elements to be replicated and uses classical design and fabrication techniques
BASIC DESIGN PRINCIPLES
The most common method for the design of non imaging optics is known as the edge ray principle [6, 7] . The optics are designed in a way, that the outermost rays of the source are redirected to the edges of the detector. This way all the rays coming from between the edges of the source and having an angle  smaller than the maximum acceptance angle of the system end up at the receiver. They are not focused on a point and do not form an image of the source. Non imaging concentrator optics are often realized with reflective optics. A simplified design method for a reflective concentrator for a finite source at a finite distance is the so called string method. One end of the string is pinned to one edge of the source and the other to the edge of the receiver. The length of the string is hold fixed. A pen is tracing the outline of the reflector keeping the string tight. The resulting curve is a piece of an ellipse that has it's foci at the edge of the source and at edge of the emitter. This is known as a compound elliptic concentrator or CEC. Depending on the application and the source the CEC can be realized as a trough or by rotation around the optical axis. For an infinitely far source the elliptic shape of the CEC turns into a piece of a parabola with one focus. The axis of the parabola is inclined with respect to the optical axis by the input acceptance angle i. This means that all the rays with an angle i with respect to the optical axis are focused on F at the rim of the receiver and all the rays with an angle smaller than i are reflected and send to the receiver pass between R and F. Rays with an angle bigger than i are reflected multiple times and are rejected eventually. There are different mathematical representations of the CPC curve. The most convenient is probably the parametric representation in a cartesian coordinate system according to [6] . The interest of non imaging concentrators for light diffusing applications might not be directly apparent. The idea pursued in this work is to use the angle transforming properties of non imaging concentrators to transform the angular spectrum of the diverging source. The physical quantity that describes this property is the generalized etendue or Lagrange invariant. It depends on the acceptance cone and the entry aperture. If there are no other apertures that cut off the beam then it is an invariant for the entire optical system. For illustration we give here simulations that show the effect of different angular spectra of the source when passed through the CPC. Figures 2,3 and 4 show the ray trace simulation of a reflecting CPC with an acceptance angle of 30° and uniform sources with different FWHM angles. The illumination of a CPC having an acceptance angle of 30° with a source of 40° FWHM (corresponding to 20°) leads to an angular distribution that is still in large extends limited to the angle of the source as shown in Figure 2 . Only a small part is directed to higher angles. A source that exactly fills out the acceptance angle of the CPC is getting turned into an approximation of a full Lambertian source by the CPC. A slight overfilling of the CPC by 1° leads to more back reflection as illustrated in Figure 3 . Finally a hypothetical uniform source with 90° would be mostly turned back (Figure 4 ). An ideal concentrator accepts all rays within the acceptance angle and rejects rays with larger angles. The 2D CPC concentrator with reflective end walls is a near perfect concentrator in the sense that it accepts all rays inside the acceptance angle and rejects all the rays that are outside of the acceptance angle. The skew angle of a ray has no influence on the transmission because of the quasi infinite length of the concentrator. For the transmission only the projected angle in the plane perpendicular to the long trough axis intervenes. The 3D CPC is only ideal for rays that pass through the central axis of rotation. Off-axis rays might be rejected after several reflections even when inside the acceptance cone. 
THE DIELECTRIC FILLED CPC DESIGN AND ANGLE CONVERTER
Winston et al. [8] introduced the solid CPC filled with a dielectric material. This introduction was followed by a number of other publications [9] [10] [11] treating the design particularities of the dielectric filled CPC, sometimes also called dielectric total internal reflection concentrator (DTIRC). The design relies on total internal reflection (TIR) at the boundaries instead of reflective materials. This presents several advantages, e.g. nearly no reflection loss and it is mechanically better suited to fabricate arrays of concentratorswith sub millimeter dimensions. Figure 5 illustrates a dielectric filled CPC. Because the operation principle is total internal reflection the maximum acceptance angle is given by the refractive index of the transparent polymers and the surrounding media and limited to about 30° if a 100% TIR has to be guaranteed. An advantage of the dielectric filled CPC is the fact that for the same acceptance angle it is possible to obtain a higher concentration ratio when compared to the standard reflective CPC design [12] . Coupling light from a dielectric CPC into air or any other material with a significantly lower refractive index than the CPC material requires some modifications of the CPC shape. Otherwise a part of the light is rejected due to TIR at the exit. The modified shape is a so called i /o transformer [7] , where o </2. In order to avoid any losses due to TIR at the exit o has to be smaller than the critical angle c =arcsin(n2/n1) where n1 is the refractive index inside the CPC and n2 is the refractive index of the medium at the exit.
APPLICATIONS FOR A COMPACT CPC ARRAY DESIGN

LED collimator
The typical modern high power LED is an array of active zones with a polymer dome lens cover. The total size of the active area is about 10mm x 10mm and the size of a single emitter is about 0.2mm x 0.2mm. A single CPC collimator with i = 10° that replaces the dome lens would have a length of 168 mm and this at a diameter at the larger end of 58mm! That is where the advantage of a compact CPC array becomes clear. An array of CPCs with an acceptance angle i = 10° and a diameter of the small end of 0.2 mm that could be basically placed over each single emitter would result in a length of 6.7mm and a diameter at the large end of 1.15mm. This is not much more than the domed lens cap of the above mentioned CREE LED which has a typical height of 6 mm. In a second step the pre-collimated radiation from the CPC array could be further collimated with a normal lens. silver front electrode TCO
Micro concentrated solar cells
For concentrator photovoltaic (CPV) the light is concentrated to increase efficiency. Highly concentrated photovoltaic have concentration factors bigger than 100. High concentration factors do not only bring higher intensity but also the additional challenge of thermal management. The concentration factor is inverse proportional to sin(i) respectively sin( i ) 2 . This means that for high concentration factors the acceptance angle has to be small and as a consequence the highly concentrated solar cell also requires a tracking system for proper alignment. Figure 7 Illustration of a PV cell with a compact 2D CPC array with an acceptance angle of 24°. The width of the illuminated zone of the cell is 0.2mm. The concentration factor is 3.5.
The efficiency increases theoretically as the logarithm of the intensity, until it reaches too high a value of current density, leading to ohmic losses that reduce the efficiency. Thus concentrator cells must be specially designed to have very low series resistance. In most solar cell designs, the photocurrent is extracted through a conducting window layer in combination with a silver grid at the front of the device. The trade-off between series resistance and shadowing requires either buried contacts or screen printing of narrow lines with high aspect ratio. The compact dielectric CPC array presents an alternate approach where concentrators direct the incoming light into the cell. The front metalization can thus be extended over the area between the paraboloids without shadowing loss. See Figure 7 for an illustration of the concept. The concept discussed here does not aim at maximum concentration but rather at a system that is still reasonably thin, does not necessarily need active sun tracking and collects also the diffuse light which represents an important part of light in temperate climate zones where the sky is often covered.
IMPLEMENTATION OF A COMPACT DIELECTRIC CPC ARRAY
The goal is to develop a versatile implementation that can be adapted to different applications. The usual requirements for micro optical components such as potentially low cost for big volume manufacturing, good reproducibility and possibility to cover large surfaces should apply. The dimensions of the single CPC should be bigger than 50 microns to avoid large diffraction effects for visible light and less than 5mm to count still as compact. The acceptance angle of the CPC design presented here is 24°. For lack of specific requirements this value was taken somewhat arbitrarily as the angle that would be needed to accept light from the sun at noon in winter and summer in a place with 50° geographical latitude for a solar cell inclined at a fix angle of 40°. The material for the dielectric CPC is highly transparent polydimethylsiloxane (PDMS, Silgard ® 184 from Dow Corning) which has an average index of refraction of 1.44 at 400 nm.
Since the CPC is filled with a dielectric its design acceptance angle  0i is ' i i sin sin n   (1) which results in  i '= 16.4° for  i = 24° and n = 1.44. Accordingly the total length of the CPC is 7.7mm if the exit aperture is 1mm. For practical reasons the CPC is truncated to a length of 5mm. This has little consequences for the optical performance but has many advantages for the fabrication process. Since the end walls of a full length CPC are parallel it is easier to demold a truncated CPC which has slightly inclined end walls. The fact that the end walls are inclined allows also for less space between the single CPCs in an array and thus a denser packing. Figure 8 Illustration of a truncated CPC of length L0
Design and simulation
The simulation of the different CPC designs is done by incoherent ray tracing with FRED from PhotonEngineering. A Matlab script is used to generate the CPC profile. This allows more design flexibility and control over the parameters than the built in CPC components of FRED. The source used for the simulation is a Lambertian that is clipped to the required angle usually corresponding to the acceptance angle of the CPC. If not mentioned differently the wavelength is 633 nm and the source is incoherent and unpolarized. Figure 9 shows the influence of the truncation on the angular intensity distribution. For the large angles there is no difference to the full length CPC. But at the angles around and below the acceptance angle there are some marked differences visible. For PDMS with a refractive index of 1.43 at 600 nm the critical angle is c = 44.37°. Light is not only reflected once the critical angle is reached but reflection is already present before. The amount of light that is reflected at an interface between two materials with refractive index n1 and n2 and for which n1 > n2 depends also on the incident angle 1 and the polarization of the light Simulation of a full length CPC made of PDMS that couples light to air ( Figure 10 ) shows that the angular intensity distribution still corresponds well with a Lambertian distribution (circle in the graph) but that the loss due to back reflection at the exit interface is considerable.
A possible improvement on the dielectric CPC for coupling light to air is the 1/2 converter which is a slightly modified CPC design where the maximal output angle is 2 instead of 90°. For 2 > c (Figure 11 a) there is still some back reflection due to Fresnel reflection. It has to be noted that the angular distribution of the light coming from a dielectric 1/2 converter is not Lambertian anymore. The large angles are not as present as in the standard Lambertian distribution. From this it becomes clear that there is a trade off between transmission efficiency and perfectly Lambertian distribution when coupling from a dielectric concentrator to air.
Fabrication
For the prototype fabrication of the compact dielectric CPC array a PDMS replication process of a master device was used. Two different process flows were realized:
1. The PDMS is molded directly in a negative master.
2. The positive master is first replicated with a negative silicone mold of which the PDMS replica ismade afterwards.
For illustrations of the process flow see Figure 12 and 13 respectively. Figure 12 Process flow for the direct replication in PDMS of a negative master. The master is machined by diamond turned tooling from a solid block of brass. This process allows the fabrication of 3D as well as 2D trough structures
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The negative mold/master is machined in a brass block with a diamond turned tool by Idonus Sarl in Neuchâtel, Switzerland. The cross section of the diamond tool is critical and for the tool maker the shape of the CPC has to be approximated by a series of radii. The advantage of diamond turned tools is that the surface quality of the machined brass is relatively good and does not necessarily require any additional chemical polishing. The surface roughness measurements were performed with a white light interferometer from Veeco. The RMS roughness of the surface machined with the diamond turned tool is about Rrms = 200nm. This seems rough when compared with surface flatness requirements of imaging systems which are typically /10. But the optical power transfer in a CPC is relatively robust to errors. Scattering at the surface may lead to some rays inside the acceptance angle to be rejected and some outside of of the acceptance angle to be accepted. For the prototype presented here it was decided to forgo any additional chemical polishing of the surface. With one and the same tool it is possible to drill a matrix of CPC shaped holes for an array of 3D CPCs or to machine a series of 2D CPC troughs. See also Figure 13 for an image of the brass negative master and its replica. The second fabrication procedure is based on a positive master and a negative mold in soft silicone. See Figure 14 for the process flow. The CPC array of the master is not machined from a block of brass but is an assembly of CPC shaped pins instead. The machining of the pins and the brass base plate with a hole matrix was done by a supplier for the watch industry (Chatelaine Prototype Sarl, Tramelan). The single pins are press-fitted one by one into the holes of the base plate to form the positive master. The silicone mold is made with Mold Star®15 by Smooth On, a platinum cured silicone rubber that is very strong and flexible. The shrink factor of the rubber is not specified but is supposed to be low. Considering that the rubber was not specifically made for micro technology but rather casting of bigger objects the shrinking is probably still quite substantial. Since the prototype does not require any alignment, this is not an issue here but needs to be kept in mind when adapting the process for specific applications.
Since the mold is very flexible it is possible to use a more solid polymer than PDMS for the CPC replica. Successful replications were done with a highly transparent epoxy (EPON™825, activated with Jeffamine). EPON™825 is a high purity bisphenol A epichlorohydrin epoxy resin with a very low viscosity. See Figure 15 for an optical microscope image of the brass master and the highly transparent epoxy replica of an array of axisymmetric CPCs with an acceptance angle of 30° and an exit aperture diameter of 0.5mm.
The disadvantage of the second process flow over the direct replication of the negative master is that it is impossible to make 2D trough concentrators. In addition the assembly of the master gets very tedious for surfaces bigger than a few square centimeters. On the other hand the replication is not restricted to flexible polymers such as PDMS. 
CHARACTERIZATION AND RESULT
The optical characterization of the fabricated 2D and 3D CPC arrays is not trivial. The method should depend on the possible application and the relative requirements. For applications in the domain of solar concentration a collimated source with the wavelength spectrum and angular divergence of the sun ( §0.27°) is usually illuminating the concentrator at different angles and the resulting flux at the exit is measured. In our case amore qualitative but very simple characterization method to show basic features of the system is used. The goal was to investigate the angular intensity distribution at the exit of the CPC array. See Figure 16 for an image of the setup that was used.
The light source was a high power white LED Cree XLamp with a light output up to 1500 lm at 25W electrical power. The driver circuit and the LED were mounted on a cooling housing with an integrated low vibration ventilator. The LED consists of an array of single emitters that are sealed with a soft polymer dome lens. The source has a nearly Lambertian intensity distribution with 120° FWHM. A diffuser plate was added to smooth the intensity profile and remove intensity variations due to the array of single emitters. The variable aperture with a diameter ranging from 1mmto 12mm was used to clip the angular distribution of the source. The CPC array made of soft PDMS was glued to a 2mm thick glass slide to increase its rigidity. The USB camera (Mightex BCE-B013-U,CMOS, monochrome 8-bit, 1.3 Mpixel) with an 8mm objective (Thorlabs model MVL8L, f/1.4) recorded the intensity distribution on the screen. The exposure time of the camera was always adapted so as not to reach saturation but still use as much of the camera's dynamic range as possible. For the comparison of measured curves they are first normalized with the exposure time. The reference sample consisted of a glass plate with a flat PDMS layer ("PDMS blank") of the same thickness as the CPC array. This allows to take into account all the losses due to reflections at the different interfaces and absorption inside the materials. The intensity is extracted from the images and normalized with the appropriate exposure time to be able to compare the two curves. The x-Axis is scaled according to the setup's geometry to obtain the angle. Figure 17a shows several graphs for different illumination apertures and the 2D CPC array. Figure 17b shows the same aperture sets but for the reference PDMS blank. Figure 17c shows a contrast enhancement factor plot which is defined as the fraction of the intensity of the CPC array divided by the intensity of the reference PDMS blank. This allows an easier extraction of the information about the distribution of intensity relative to the reference sample. At first the intensity curve for the CPC looks rather disappointing. The spreading of the light into large angles is present but not as strong and uniform as the simulation of the full length dielectric CPC and the visual observations would make us expect. Closer investigation reveal several reasons that explain the shape of the curve for the intensity distribution of the dielectric CPC in Figure 17a: 1. The source is not filling the acceptance angle completely. The intensity distribution for the reference sample shows that the angle of the source is about ±10° instead of the ±24° that are needed to fill the acceptance angle completely. This explains the dominance of the intensity around the center and the limitation of the diffusion angle to ±50°
2. The CPC is truncated from 7.2mm to 5mm. This explains the slight valley in the intensity distribution around ±15° and also reinforces the intensity around the center.
3. The definition of intensity used for the polar plots is flux/steradian. The measurement with a flat screen is a projection and leads to a certain distortion, especially for the large angles.
The realized compact dielectric CPC arrays presented here serve as a proof of concept for the fabrication of such devices. The measurement of the fabricated devices show that the generic design that was used has the potential but needs to be adapted and modified for specific applications. The fabrication method presented here is not directly suitable for large scale large volume and low cost industrial manufacturing but rather a proof of concept. Adapting the fabrication process to methods that are more suitable for those requirements, such as injection molding or roll-on imprinting should be possible.
SUMMARY
For large angle transformation in a compact form it was necessary to look beyond the conventional microlens array based diffusers. The compact angle transformer based on the compound parabolic concentrator CPC has been retained as a possible alternative. The possibilities range beside the diffusion of non collimated sources from the chip level collimation of high power LEDs with a large numerical aperture to improved photovoltaic solar cells with shadowing less reduced series resistance that do not require sun tracking. The CPC's potential as an angle transformer was investigated by ray tracing simulation and a first prototype of a compact dielectric CPC array with an acceptance angle of 24° and a resulting concentration factor of 3.54 for the 2D trough configuration and 8.7 for the hexagonal array of axisymmetric CPC cones was developed and fabricated. The dimensions of the CPC were 0.5mm for the exit aperture and a length of 5mm. The dielectric material used was polydimethylsiloxane (PDMS) with a refractive index of 1.44 in the visible wavelength domain. The replication process relied on precision machined brass forms, either as a direct negative mold or as a positive master. First measurements confirmed the CPC's angular transformation capabilities but showed at the same time that the design of the prototype that was deliberately kept general must be optimized in order to be of any use for specific applications. 
